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INTRODUCTION 

Current s p e c i f i c a t i o n s  f o r  p i p e l i n e  gas  d i c t a t e  t h a t  most g a s i f i c a t i o n  processes  
r e q u i r e  an upgrading of t h e i r  crude syngas by a s t a g e  of methanat ion.  
grading reduces t h e  concent ra t ion  o f  hydrogen and carbon monoxide while  i n -  
c reas ing  t h e  hea t ing  va lue  o f  each cubic  f o o t  o f  gas .  
demonstrated an unusual upgrading c a p a b i l i t y  by methanating, without  recycle ,  
a crude syngas of  approximately 50 p e r c e n t  hydrogen and 50 p e r c e n t  carbon 
monoxide and conta in ing  less than 1 p e r c e n t  methane. 
t i o n a l l y  wide a p p l i c a b i l i t y  f o r  gases  produced by any c o a l  g a s i f i c a t i o n  system 
from near  atmospheric pressure  t o  over  1000 ps ig .  

?he up- 

The RMProcess has 

The process  has  excep- 

PROCESS DESCRIPTION 

In the  process ,  desu l fur ized  syngas flows through a series of  fixed-bed a d i a b a t i c  
c a t a l y t i c  r e a c t o r s .  
genera t ion  o f  high pressure  steam i n  conventional h e a t  exchange equipment. A s  
t h e  flow progresses  through t h e  series of r e a c t o r s  and exchangers and t h e  bulk 
o f  t h e  syngas i s  methanated, t h e  temperature  o f  t h e  process  gas  i s  p r o g r e s s i v e l y  
lowered, f i n a l l y  r e s u l t i n g  i n  an adequately reduced temperature  favorable  f o r  
achieving a high conversion e f f i c i e n c y  of hydrogen and carbon oxides  t o  methane. 

The s e r i e s  o f  r e a c t o r s  and exchangers which methanates a raw syngas without 
pretreatment  o t h e r  than d e s u l f u r i z a t i o n ,  i s  c o l l e c t i v e l y  termed bulk-methanation. 
The chemical r e a c t i o n s  which occur  i n  bulk methanat ion,  i n c l u d i n g  both s h i f t  
conversion and methanation a r e  moderated by t h e  a d d i t i o n  of steam which e s t a b -  
l i s h e s  t h e  thermodynamic limits for  t h e s e  r e a c t i o n s  thereby c o n t r o l l i n g  opera t ing  
temperatures .  

EXAMPLE AT 400 PSIA 

The condi t ions s e l e c t e d  for i l l u s t r a t i o n  h e r e  inc lude  d e s u l f u r i z e d  syngas a v a i l -  
a b l e  a t  700°F and 400 p s i a ,  c o n s i s t i n g  o f  49.8 p e r c e n t  hydrogen, 49.8 percent  
carbon monoxide, 0.1 percent  carbon d ioxide  and 0 . 3  percent  methane. A s  shown 
i n  Figure 1, 40 percent  o f  t h i s  syngas is  mixed with superheated steam and t h e  
mixture e n t e r s  t h e  f i r s t  bulk methanator at  900'F. 
occurr ing i n  t h i s  r e a c t o r  is s h i f t  conversion with o n l y  a minor degree o f  
methanation. The f irst  r e a c t o r  e f f l u e n t  i s  cooled and mixed wi th  an a d d i t i o n a l  
30 percent  of the  syngas t o  give a mixed temperature  c f  lOOO'F i n t o  t h e  second 
bulk-methanation r e a c t o r .  Again t h e  second r e a c t o r  e f f l u e n t  is cooled by the  
generat ion o f  steam, mixed with t h e  remaining 30 percent  o f  t h e  syngas t o  g ive  
a mixed temperature  of  1000°F as feed  t o  t h e  t h i r d  r e a c t o r .  

Between r e a c t o r s ,  hea t  i s  removed from t h e  system by t h e  

The flow sequence through bulk methanat ion is shown i n  Figure 1. 

The p r i n c i p a l  r e a c t i o n  
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In t h e  fou r th ,  f i f t h  and s i x t h  r e a c t o r s ,  t h e  i n l e t  temperatures a r e  con t ro l l ed  
a t  1000°F, 600'F a n d  500°F r e s p e c t i v e l y  which r e s u l t s  i n  a bulk methanated 
product-gas whose composition is shown i n  Figure 2 .  
a i d  pressures  f o r  each r e a c t o r  i n  bulk-methanation a r e  a l s o  shown i n  Figure 2 .  
The r e s idua l  hydrogen content  l eav ing  t h e  s i x t h  r e a c t o r  is l e s s  than  10 volume 
percent  on a dry  b a s i s .  
s t age  following carbon d ioxide  removal, t o  reduce t h e  hydrogen content  t o  below 
3 percent ,  and leaving  l e s s  than  0 . 1  percent  carbon monoxide. 

EXAMPLE AT LOW PRESSURE 

A s i m i l a r  s e t  o f  design numbers a r e  shown i n  Figure 3 when ope ra t ing  a t  near  
atmospheric pressure .  I n l e t  p r e s s u r e  t o  the  f i r s t  bulk-methanator r e a c t o r  i s  
65 p s i a  and the  o u t l e t  p re s su re  from t h e  s i x t h  r e a c t o r  i s  22 p s i a .  In t h i s  
case ,  the t o t a l  syngas is  in t roduced  i n t o  t h e  f i r s t  bulk-methanation r e a c t o r  
t o g e t h e r  with t h e  t o t a l  steam. Because t h e  d r iv ing  force  f o r  methanation i s  
p ropor t iona te ly  lower a t  t h e  lower p re s su re ,  the o u t l e t  temperature even from 
t h e  f i r s t  r e a c t o r  i s  below 1400OF. S i g n i f i c a n t l y ,  l eav ing  t h e  s i x t h  r eac to r ,  
t h e  hydrogen content o f  t h e  e f f l u e n t  gas on a dry  bas i s  i s  only 1 2 . 1  percent  
a t  22 p s i a  compared t o  9 . 3  percent  when ope ra t ing  a t  312 p s i a .  
small  d i f f e rence  is no t  e n t i r e l y  s u r p r i z i n g  i n  view o f  t h e  lower opera t ing  
temperature and t h e  l a r g e  excess o f  carbon d ioxide  p re sen t  i n  each case which 
tends t o  mask t h e  d i f f e rence  i n  ope ra t ing  p res su re .  

DESIGN FEATURES 

Whether opera t ing  at high p r e s s u r e s ' o r  low, r e a c t o r  o u t l e t  and i n l e t  temperatures 
a re  a l l  conveniently high f o r  t h e  economical genera t ion  o f  1500 p s i g  steam i n  
conventional hea t  exchange equipment. Of t h e  t o t a l  steam produced, approximately 
one - th i rd  i s  used i n  t h e  RMProcess t o  accomplish s h i f t  conversion, methanation 
and carbon dioxide regenera t ion .  The mechanical energy of even t h a t  po r t ion  o f  
t he  produced steam needed f o r  t h e  ope ra t ion  o f  t h e  process ,  w i l l  provide a p a r t  
o f  t h e  t o t a l  power requirement o f  a coal g a s i f i c a t i o n  complex by using back . 
pres su re  t u r b i n e s .  The bulk of t h e  s t e m  produced, approximately two- th i rds  of  
t h e  methanation heat ,  i s  a v a i l a b l e  as export  steam a t  1500 ps ig  ' f o r  any se rv ices  
wi th in  a complex. 

Now r e f e r r i n g  back t o  Figure 1, i t  i s  t o  be noted t h a t  t h e r e  i s  no sepa ra t e  s h i f t  
conversion system a n d  no r ecyc le  o f  a product gas f o r  temperature con t ro l .  
Rather,  t h i s  s y s t e m  is designed t o  ope ra t e  a d i a b a t i c a l l y  a t  e l eva ted  temperatures 
with s u f f i c i e n t  steam add i t ion  t o  cause t h e  s h i f t  r eac t ion  t o  occur over a n i cke l  
c a t a l y s t  while avoiding carbon formation. 
f i xed  beds o f  c a t a l y s t s  and a r e  o f  conventional des igns .  
minimum diameter for a given p l a n t  capac i ty  s i n c e  t h e  process gas is once-through 
only  with no r ecyc le ,  employing l e s s  steam than i s  conventional f o r  s h i f t  con- 
vers ion  alone and using a c a t a l y s t  o f  a standard r i n g  s i z e  o f  5/8 x 1 / 4  i.nches. 

AVOIDING ZONES OF CARBON FORMATION 

Before proceeding f u r t h e r  with methanation i n t o  t h e  cleanup s t a g e ,  it would be  
well t o  review some of t h e  des ign  and opera t ing  problems which have been exper- 
ienced by most developers of  methanation s y s t e m .  S p e c i f i c a i l y ,  carbon formation 
and c a t a l y s t  s i n t e r i n g  a r e  two o f  t h e  more common problems confront ing  methana- 
t i o n  processes.  When cons ider ing  carbon formation, re ference  i s  made t o  i t s  

The ope ra t ing  temperatures 

Such a gas can then be methanated i n  a f i n a l  "dry" 

This r e l a t i v e l y  

The r e f r a c t o r y  l i n e d  r e a c t o r s  conta in  
The r e a c t o r s  can be a 
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p o t e n t i a l  production from carbon oxides and methane as i l l u s t r a t e d  by t h e  
following equat ions .  

2co - co2 + c 
CO + H2 -> H20 + C 

C02 + 2H2 ->2H20 + C 

CH4 + -> 2H2 + C 

The p red ic t ion  o f  condi t ions  favorable  f o r  the formation o f  carbon from these  
sources can be made by s t r a igh t fo rward  thermodynamic c a l c u l a t i o n s .  
because a number of  o t h e r  chemical r e a c t i o n s  can occur  s imul taneous ly  and 
s ince  r e l a t i v e  r eac t ion  r a t e s  a re  not  wel l  known, it i s  use fu l  t o  know whether 
a s p e c i f i e d  mixture o f  syngas and steam would have a thermodynamic p o t e n t i a l  
f o r  carbon formation when a t  chemical equi l ibr ium.  

To assist i n  the  proper  v i s u a l i z a t i o n  of  mul t ip l e  chemical r e a c t i o n s  occurr ing  
simultaneously,  we have developed a t e r n a r y  diagram s i m p l i f i e d  by cons ider ing  
only the  concent ra t ion  l e v e l s  of the p r i n c i p a l  chemical elements p re sen t  i n  
mixtures o f  syngas and steam. Carbon, hydrogen and oxygen a r e  used a s  t h e  
iden t i fy ing  elements i n  our  system; these  elements a r e  l o c a t e d  a t  t h e  th ree  
apexes of t h e  t e rna ry  diagram shown i n  F igure  4. 
a r e  shown on t h i s  f i g u r e  when t h e  elements a r e  appropr i a t e ly  balanced with one 
another.  
carbon oxides on t h e  r i g h t  and water  o n + t h e  base l i n e  connecting hydrogen and 
oxygen. 

Figure 5 has superimposed on the  t e rna ry ,  carbon isotherms f o r  a p re s su re  o f  
30 p s i a .  I n t e r p r e t a t i o n  o f  t he  isotherms shows t h a t  mix tures  of t h e  elements 
which f a l l  above the  curves a re  i n  t h e  carbon forming reg ion  when a t  chemical 
equi l ibr ium.  Mixtures o f  t h e  elements which f a l l  below t h e  curves a r e  o u t s i d e  
the  carbon forming region a t  equi l ibr ium.  Gas mixtures f a l l i n g  wi th in  t h e  
family of curves should be a t  an opera t ing  temperature t h a t  w i l l  c a r r y  t h e  
s p e c i f i e d  concent ra t ion  o f  carbon i n  t h e  vapor phase. 

Figure 6,  which r ep resen t s  a family o f  carbon isotherms at 400 p s i a ,  shows t h a t  
i n  c e r t a i n  a reas  o f  t he  diagram, e l eva ted  temperatures suppor t  h ighe r  concen- 
t r a t i o n s  o f  carbon i n  the  vapor phase,  but i n  o t h e r  a r e a s ,  lower temperatures 
favor  higher concent ra t ions  of carbon. 
gases feeding a methanation r eac to r ,  an increase  i n  temperature could cause a 
mixture t o  approach a condi t ion  where carbon could t h e o r e t i c a l l y  be formed. 
S ince  these  f igu res  a re  based on equi l ibr ium concent ra t ions  o f  chemical com- 
pounds, temperature excursions i n t o  t h e  carbon formation reg ion  may no t  r e s u l t  
au tomat ica l ly  i n  t h e  formation of s o l i d  carbon s ince  such r e a c t i o n s  may occur  a t  
such a slow r a t e  a s  t o  be n e g l i g i b l e .  
t o  design a system t h a t  i s  normally ope ra t ing  under cond i t ions  t h a t  a r e  theo rc t -  
ically favorable  f o r  carbon formation and depend upon k i n e t i c s  t o  keep the 
opera t ion  our  o f  t roub le .  

The mathematical p r o p e r t i e s  of t h e  s e t  o f  equat ions  desc r ib ing  chemical equl l i -  
b r i m  i n  the  syn thes i s  gas system i n d i c a t e  t h a t  t h e  carbon producing regions :lye 
defined s o l e l y  by pressure .  temperature and elemental  a n a l y s i s .  Once a s a f e  
blend o f  r e a c t a n t s  has been determined by use o f  t h e  t e r n a r y ,  t h e  same s e t  o f  
equations which was used t o  der ive  t h e  t e rna ry  may be used t o  determine t h e  gas  
composition. 

However, 

A number o f  chemical compounds 

Hydrocarbons such as methane and butane a r e  on t h e  l e f t  of the f i g u r e ,  

So depending upon t h e  element-mix of  

On t h e  o t h e r  hand, it is not good p r a c t i c e  
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Figure 2, g i v e s  gas compositions which represent  proposed o p e r a t i n g  condi t ions  
a t  t h e  p i l o t  p l a n t .  
t e r n a r y  diagram r e l a t i v e  t o  t h e  p o t e n t i a l  f o r  carbon formation: 
gas composition t o  t h e  f i r s t  bulk-methanation r e a c t o r  and (2 )  t h e  product  com- 
p o s i t i o n  from t h e  t h i r d  reactor which then remains a f i x e d  p o i n t  throughout t h e  
remaining r e a c t o r s  s i n c e  no a d d i t i o n  of  gas  i s  made beyond t h e  t h i r d  r e a c t o r .  
From t h i s  f i g u r e ,  it can be  seen c l e a r l y  t h a t  s u f f i c i e n t  steam has been added 
t o  move t h e  mixture  wel l  o u t s i d e  t h e  carbon formation reg ion .  
adding t h e  t o t a l  syngas t o  t h e  system, it is  not  t h e o r e t i c a l l y  p o s s i b l e  t o  form 
carbon when t h e  system i s  a t  chemical equi l ibr ium.  

I t  w i l l  be q u i c k l y  recognized t h a t  feed-gases  t o  most, i f  n o t  a l l ,  methanation 
systems f o r  S N G  product ion,  a r e  t h e o r e t i c a l l y  capable  o f  forming carbon. This 
p o t e n t i a l  a l s o  e x i s t s  for  feed-gases  t o  a l l  f irst  s t a g e  s h i f t  conver te rs  
opera t ing  i n  ammonia p l a n t s  and i n  hydrogen product ion p l a n t s .  However, it has 
been commercially demonstrated o v e r  a p e r i o d  o f  many years  t h a t  carbon formation 
a t  i n l e t  temperatures  t o  s h i f t  c o n v e r t e r s  is  a r e l a t i v e l y  slow r e a c t i o n  and 
t h a t  once s h i f t e d ,  t h e  gas l o s e s  i t s  p o t e n t i a l  f o r  carbon formation.  Carbon 
formation has  n o t  been a common problem a t  t h e  i n l e t  t o  s h i f t  conver te rs  and 
it has  been n o  problem a t  a l l  i n  our  bench-scale  work and it is n o t  a n t i c i p a t e d  
t h a t  it w i l l  be a problem i n  o u r  p i l o t  p l a n t  o p e r a t i o n s .  

Figure 7 shows where two composi t ions .a re  l o c a t e d  on t h e  
(1) t h e  feed 

Even a f t e r  

For a c l e a r e r  understanding o f  t h e  behavior  o f  syngases i n  a s h i f t  conver te r ,  we 
have e s t a b l i s h e d .  another  se t  o f  carbon isotherms when consider ing t h e  s h i f t  
r e a c t i o n  only  (without methanat ion)  i n  a d d i t i o n  t o  th’e carbon forming r e a c t i o n s .  
Figure 8 shows i s o t h e n s  a t  a p a r t i a l  p r e s s u r e  o f  270 p s i a  f o r  a l l  components 
o f  a gas  mixture  but  excluding methane. Figures  such as t h i s  are h e l p f u l  when 
e s t a b l i s h i n g  i n l e t  condi t ions  t o  r e a c t o r s  s i n c e  opera t ing  d a t a  from commercial 
p l a n t s  can be used as p o i n t s  of re ference .  

CLEAN-UP METHANATION 

Returning now t o  t h e  cleanup s t a g e  of methanation, Figure 9 shows a system wherein 
f i n a l  methanation occurs  fol lowing gas  cool ing  and removal o f  steam, and a re- 
duct ion o f  carbon dioxide down t o  approximately 4 percent .  Under t h e s e  condi t ions ,  
and a t  a p r e s s u r e  o f  300 p s i a ,  r e s i d u a l  hydrogen i s  less than 3 percent  and carbon 
d ioxide  i s  less than 2 volume percent  o f  t h e  dry product  gas  fol lowing methanation. 
When opera t ing  a t  near  a tmospheric  p r e s s u r e ,  reduct ion  o f  steam and carbon dioxide 
a r e  followed by compression t o  e i t h e r  an i n t e r s t a g e  l e v e l  o r  t o  d e l i v e r y  pressure  
f o r  t h e  f i n a l  s t a g e  of methanat ion.  
methanation i s  outs ide  t h e  reg ion  o f  carbon formation. 

Carbon dioxide can be removed from t h e  e f f l u e n t  gas  from bulk methanation by any 
one o f  s e v e r a l  convent ional  absorp t ion  systems. 
the  gas t h a t  must be  t r e a t e d  f o r  carbon dioxide removal i s  l e s s  than h a l f  of  the  
volume of a s h i f t e d  gas from which carbon dioxide i s  normally removed when 
prepar ing  a syngas t o  approach s t o i c h i o m e t r i c  concent ra t ions  o f  r e a c t a n t s  f o r  
methanation. 
per  mi l l ion  s c f  o f  gas. 

For a l l  p r e s s u r e  l e v e l s ,  t h e  f i n a l  s t a g e  o f  

A t  t h i s  p o i n t  i n  t h e  process ,  

F ina l ly ,  t h e  gas would b e  d r i e d  t o  a nominal 7 pounds o f  water  
i, 
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CONCLUS I ON 

Advantages o f  t h e  RMProcess are r e l a t e d  p a r t i c u l a r l y  t o  c o s t  sav ings  i n  both 
c a p i t a l  equipment and o p e r a t i n g  requirements .  

1. 

2. 

3 .  

4 .  

5. 

6 .  

7. 

S h i f t  conversion.  
c u r r e n t l y  without  i n t e r f e r e n c e  over  bulk-methanation c a t a l y s t  thereby  
e l imina t ing  t h e  need f o r  a s e p a r a t e  s h i f t  conversion o p e r a t i o n .  

Steam u t i l i z a t i o n .  
r e q u i r e d  f o r  convent ional  s h i f t  conversion even though i n  o t h e r  
methanation processes  as l i t t l e  as  one-half  o f  t h e  t o t a l  syngas i s  
processed through s h i f t  conversion t o  achieve  a near -s to ich iometr ic  
balance o f  hydrogen and carbon monoxide for methanation. 

Temperature c o n t r o l .  Temperature cont ro l  i s  by steam a d d i t i o n .  
There i s  no gas  r e c y c l e  and t h e r e f o r e  no recyc le  compressor. 

Steam product ion.  The RMProcess opera tes  a t  temperatures  g e n e r a l l y  
above lOOO'F provid ing  a l a r g e  temperature  d i f f e r e n c e  f o r  t h e  pro-  
duc t ion  o f  high p r e s s u r e  steam. Because o f  t h i s ,  we can produce more 
steam and produce it a t  .a h i g h e r  p r e s s u r e  wi th  less hea t  t r a n s f e r  
s u r f a c e  than o t h e r  processes .  

Carbon dioxide removal. Aside from contained carbon d ioxide  which i s  
removed from syngas when absorbing hydrogen s u l f i d e ,  t h e  t o t a l  carbon 
d ioxide  produced i n  t h e  methanation system i s  removed by convent ional  
absorp t ion  i n  a s i n g l e  s t a g e  opera t ion  where the volume of gas t o  be  
t r e a t e d  i s  a minimum and t h e  p a r t i a l  p r e s s u r e  o f  t h e  carbon dioxide i s  
a maximum. 

Low pressure  opera t ion .  
o f  carbon d ioxide  f o r  methanation when oepra t ing  a t  low p r e s s u r e s ,  
bulk methanation can accomplish a h igh  degree of  syngas conversion 
thereby r e q u i r i n g  only  a s i n g l e  s t a g e  o f  f i n a l  methanation fol lowing 
compression t o  meet p i p e l i n e  SNG s p e c i f i c a t i o n s .  
reduces t h e  compression duty by reducing t h e  volume o f  syngas t o  a 
f r a c t i o n  o f  i t s  o r i g i n a l  volume while  s t i l l  a t  low pressure .  

Space v e l o c i t y .  
opera t ing  a t  a wet o u t l e t  space v e l o c i t y  o f  approximately 10,000 volumes 
p e r  volume p e r  hour. However, we have d a t a  a t  space v e l o c i t i e s  up t o  
25,000. 
p rocess ing  1 m i l l i o n  s c f d  o f  raw syngas. Operat ing on a once-through 
b a s i s  without recyc le  and a t  t h e  i n d i c a t e d  space v e l o c i t i e s ,  c a t a l y s t  
volumes are a minimum compared with o t h e r  processes  when i d e n t i c a l  ovcr -  
design f a c t o r s  a r e  used. 

The s h i f t  r e a c t i o n  and methanation proceed con- 

Less steam' i s  employed i n  t h e  RMProcess than i s  

By us ing  t h e  d r i v i n g  f o r c e  o f  a l a r g e  excess  

Such an opera t ion  

Most o f  our  experimental  d a t a  has  been developed when 

The p i l o t  p l a n t  w i l l  opera te  i n  t h e  range o f  5,000 when 

Acknowledgement is  s i n c e r e l y  made t o  C a t a l y s t  Consul t ing Serv ices ,  I n c .  o f  
Louisv i l le ,  Kentucky, i n  p a r t i c u l a r  t o  Dr. Harold W. Fleming, f o r  unusual 
s e r v i c e s  of t h e  h ighes t  q u a l i t y  while d i r e c t i n g  t h e  bench-scale experimental 
program which provides  t h e  t e c h n i c a l  b a s i s  and support  f o r  t h e  KMProcess. 
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FIGURE 2 - METHANE PRODUCTION @ 400 PSIA 

Feed _ - - _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  Outlet---_-------- - - - -_-----  

6 - 5 - 4 - 3 - 2 - . 1  - 1 - Reactor No. 

Composition, Vol % 

Steam/Gas 

Pressure,  p s i a  

Temperature O F  

Reactor No. 

49.80 54.53 48.07 43.09 36.90 22.86 9.29 

49.80 13.97 18.46 20.63 15.25 5.64 .87 

0.10 25.80 24.04 23.64 29.21 39.90 46.84 

0.30 5.70 9.43 12.64 18.64 31.60 43.00 

100.00 100.00 100.00 100.00 100.00 100.00 100.00 

------- 

1.20 0.88 0.56 0.43 0.50 0.65 0.83 

39 7 387 372 35 7 34 2 32 7 312 

900 1424 1434 1423 , 1322 1119 881 

Composition, Vol % 

FIGURE 3 - METHANE PRODUCTION @ 65 PSIA 

Steam/Gas 

Pressure,  p s i a  

Temperature O F  

49.80 

49.80 

0.10 

0.30 

100.00 

0.48 

62 

900 

54.38 

25.37 

17.29 

2.96 

100.00 

0.29 

57 

1373 

50.36 

20.42 

21.99 

7.23 

100.00 

0.33 

50 

1259 

46.50 

16.27 

26.06 

11.17 

100.00 

0.36 

43  

1180 

36.29 24.00 

8.24 2.69 

34.62 41.83 

20.85 31.48 

100.00 100.00 

0.47 0.62 

36 29 

1037 8 84 

-- 

12.05 

0.49 

46.45 

.11.01 

lQO.00 

0.78 

77 

71s 
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